Abstract. The development of the climate model MRI-ESM2, which is planned for use in the sixth phase of the Coupled 7
clouds is calculated using a parameterization of Kärcher et al. (2006) , including homogeneous nucleation (Kärcher and 97 Lohmann, 2002) and heterogeneous nucleation (Kärcher and Lohmann, 2003) . 98 99
Basic performance 100
First, we briefly show improvements from MRI-CGCM3 to MRI-ESM2 in the basic performance of the simulations. 101 continents. However, total cloud cover is substantially increased in the simulation using MRI-ESM2 over these areas and the 108 bias is reduced significantly. As a result, a large negative bias in the upward shortwave radiative flux at the top of the 109 atmosphere (TOA) found in MRI-CGCM3 is reduced substantially in the simulation using MRI-ESM2. In addition, a 110 positive bias in the tropics is also reduced. 111 Figure 2 shows the Taylor diagrams (Taylor, 2001) for upward shortwave, longwave, and net radiative fluxes from the 112 cloud droplets is much smaller than that of ice crystals and this corresponds to larger number concentration for cloud 155
droplets. 156
The WBF process is a deposition growth process of ice crystals at the expense of cloud droplets due to ice saturation 157 being lower than liquid water saturation. The WBF effect was treated in a way similar to Lohmann et al. (2007) in CGCM3. When IWC is greater than a threshold of 0.5 mg kg −1 , all super-cooled water in the grid box is forced to evaporate 159 within the time step and all source terms for LWC are set to zero. However, this treatment caused excessive evaporation of 160 super-cooled water. In MRI-ESM2, when IWC exceeds the threshold, only the part of LWC that corresponds to the 161 depositional growth of ice crystals is evaporated within the time step. In addition, the source terms of LWC are not ignored 162 but calculated in a proper fashion. However, there is an arbitrariness about how these source terms are divided into the 163 source terms of LWC and IWC. The first reason for the arbitrariness is that the time step of our climate models is too long 164 (30 minutes) to resolve cloud microphysics and a part of the generated liquid water can change to ice crystals within this 165 time step, especially when IWC exceeds the threshold. The second reason is that the liquid water and ice water are assumed 166 to be well mixed in the model grid box if they coexist, as in most global climate models. However, there should be mixed 167 phase parts, ice only parts, and liquid only parts in a volume corresponding to the model grid box size (Tan and Storelvmo 168 2016). Therefore, it is difficult to determine the LWC-IWC partitioning of the source terms theoretically. We decided to use 169 a ratio derived by Hu et al. (2010) based on satellite observations to determine the ratio of the source terms into LWC and 170 IWC only when the WBF effect occurs, that is, when IWC is greater than the threshold. This is an empirical and simple 171 method, but this treatment can supplement the defects of the modelled microphysics due to the uncertainty and complexity 172 by utilizing observational data. 173 Figure 4 shows the ratio of super-cooled liquid water in clouds as a function of temperature in the simulations using 174 new and old treatments of the WBF effect. It is clear from the figure that the ratio of super-cooled liquid water is 175 significantly increased in the new treatment and close to the satellite observations of Hu et al. (2010) ; the ratio at 255 K is 176 increased from 52% to 84% for the mass-weighted ratio and from 18% to 78% for the frequency ratio. Both mass-weighted 177 ratio and frequency ratio, which should correspond to the ratio derived from satellite observations, using the new treatment 178 are close to the satellite observations. Figure 5 shows the impact of the new treatment of the WBF effect on TOA upward 179 shortwave radiative flux. The reflection of solar insolation is significantly increased over the Southern Ocean using the new 180 treatment (Fig. 5) , and consequently, this new treatment contributes considerably to the reduction in shortwave radiation bias 181 over the area shown in Fig. 1 . The increase in the ratio of super-cooled liquid water in MRI-ESM2 plausibly contributes to 182 the higher climate sensitivity in the model than in MRI-CGCM3, because an increased ratio of super-cooled liquid water 183 weakens the cloud-phase feedback that negatively contributes to cloud feedback (Tsushima et al. Therefore, the lower limit of cloud droplets is not introduced in our model. We believe that our treatment is better than 281 introducing a lower limit of cloud droplets although it is quite simple, because the treatment has a more physical basis. This 282 The method for calculating cloud ice sedimentation in the MRI-CGCM3 was not sophisticated, and it caused unrealistic 287 ice sedimentation and strong time-step dependency of IWC. While IWC is a prognostic variable in the MRI-CGCM3, snow 288
is not but it is treated as snow flux in the model. A part of IWC is diagnosed as snow and removed from the IWC at each 289 time step and falls down to the surface within one time step. The main problem was that the ratio of snow was not 290
proportional to the time step. As a result, a substantial amount of snow is repeatedly removed from IWC when the time step 291 is shortened. To solve the problem, the treatment of cloud ice sedimentation and conversion of cloud ice to snow was 292 improved based on the study of Kawai (2005) . Figure 10 shows that IWC is large for a time step of 3600 s but monotonically 293 decreases with shorter time steps. On the other hand, IWC is not affected by the time step in the control simulation that uses 294 the modified scheme of ice sedimentation and ice conversion to snow. A detailed description of the modification is given in 295 Sect. 4, because this modification contains some important insights and solutions related to the numerical issues. 296 
Detailed description of schemes 315
In this section, modifications and improvements in two schemes are explained in detail, because they include 316 scientifically new concepts and technically important insights and solutions related to the numerical issues; one is the new 317 stratocumulus parameterization and the other is the improved cloud ice fall scheme. 318
New stratocumulus parameterization 319

Old parameterization and problems 320
In the MRI-CGCM3, a stratocumulus scheme slightly modified from Kawai and Inoue (2006) , originally developed 321 from Slingo (1980 Slingo ( , 1987 , was used to represent subtropical stratocumulus. In that scheme, stratocumulus is formed when 322 the following four conditions are met: (i) there is a strong inversion above the model layer, (ii) the layer near the surface is 323 not stable (to guarantee existence of a mixed layer), (iii) the model layer height is below the level of 940 hPa, and (iv) the 324 relative humidity of the model layer exceeds 80%. When all of these conditions are met, cloud cover is determined as a 325 function of the inversion strength, in-cloud cloud water content is determined to be proportional to the saturation specific 326 humidity, and the vertical mixing at the top of the cloud layer is reduced to approximately zero to prevent excess cloud top 327 entrainment. 328
Although this scheme can reproduce subtropical stratocumulus and the cloud radiative effect relatively well, it has 329 several problems. First, it does not give enough low clouds over mid-latitude oceans, especially the Southern Ocean. Low 330 clouds off the west coast of the continents, including off California, off Peru, and off Namibia, are also insufficient, 331 especially areas far from the coast. The second problem is related to the use of inversion strength in parameterization in 332 climate models, which is calculated from the difference of potential temperature between two adjacent vertical model layers. 333
Climate models cannot reproduce realistic strong inversions because their vertical resolution is totally insufficient. 334 Furthermore, the inversion strength reproduced in climate models strongly depends on the model vertical resolution. 335 Therefore, the parameter has to be tuned for each model, if the inversion strength is directly utilized in the parameterization. 336
In addition, there is a strong positive feedback between cloud fraction of low cloud and the inversion strength at the top of 337 the cloud. The positive feedback makes it difficult to utilize inversion strength in the parameterization of low cloud fraction. 338
The third problem is that the vertical structure with a smooth transition from stratocumulus to cumulus cannot be reproduced 339 because the parameterization is limited to below the level of 940 hPa (see Kawai and Inoue, 2006) . To solve these problems, 340
we decided to utilize a criterion that represents the structure of the lower troposphere as a whole ("non-local") rather than a 341 detailed local vertical structure. 342
New index for low cloud cover 343
Estimated inversion strength (EIS; Wood and Bretherton, 2006) , which is a modification of lower tropospheric stability 344 (LTS; Klein and Hartmann 1993) , is an index that correlates well with low cloud cover and has been used in many studies. 345 observations is the combined cloud cover of stratocumulus, stratus, and sky-obscuring fog, which is the same conventional 359 definition as employed in Klein and Hartmann (1993) and Wood and Bretherton (2006) . When LCC and LTS maps are 360 compared, the contrast between the subtropics and mid-latitudes is different. LTS is weighted more over the subtropics than 361 over mid-latitudes while LCC is dominant over mid-latitudes. In EIS maps, the value is more weighted in mid-latitudes than 362 in the subtropics, compared with LTS, and the EIS geographical patterns are closer to LCC patterns than LTS patterns, as it 363 is well-known that EIS corresponds to LCC better than LTS. In ECTEI maps, the weight is even larger in mid-latitudes than 364 for EIS and the ECTEI geographical patterns are even closer to LCC patterns than the EIS patterns. These characteristics 365 suggest that EIS does not adequately represent the large occurrence of low cloud over cold oceans including the Southern 366
Ocean and ECTEI can be more appropriate for representation of LCC. Figure 13 shows the relationships between the LCC 367 and the stability indexes, LTS, EIS, and ECTEI. It shows that ECTEI has the best correlation with LCC with correlation 368 coefficients R = 0.23 for LTS, R = 0.83 for EIS, and R = 0.90 for ECTEI. 369
New parameterization and improvements 370
In our new scheme, the relationship between ECTEI and LCC is not directly used but ECTEI is used as a threshold of a 371 treatment in the turbulence scheme. In our climate models, vertical smoothing of vertical diffusivity is employed to represent 372 simply the mixing effect due to cloud top entrainment and part of the mixing due to shallow convection. In MRI-ESM2, if 373 ECTEI is larger than a threshold value, the smoothing is prevented, which means the turbulence at the top of the boundary 374 layer is suppressed, and the lower limit of vertical diffusivity is set to a much smaller value (virtually zero) than the original 375 one. This means that cloud top entrainment in the model is switched on and off depending on an ECTEI threshold. In the 376 original setting, the threshold value was set to 0 K and the condition of not stable near-surface layer (to guarantee existence 377 of a mixed layer) was imposed (Kawai 2013) . However, after model tuning, the threshold value of ECTEI was set to −2.0 K, 378
Geosci and the condition of mixed layer existence was removed to apply the suppression of cloud top mixing not only to 379 stratocumulus conditions but also to advection fog conditions, where the near-surface layer is stable. The introduction of this 380 scheme has led to an increase in low cloud cover, especially over the mid-latitude ocean, including the Southern Ocean, and 381 the radiation bias is significantly reduced (Fig. 3) . 382
The application of a condition that represents the detailed local vertical structure may appear to be more physically 383 based than a "non-local" condition. However, parameterizations based on local vertical structures are not appropriate in some 384 cases where (i) model resolution is not sufficient to represent the detailed physical process or (ii) the feedback between the 385 parameters and the variables that should be obtained is very strong. In such cases, the parameters that represent the whole 386 structure of the lower troposphere can produce more robust and reasonable results, although empirical relations are required 387
to construct "non-local" parameterizations. 388 In MRI-CGCM3, IWC was divided into ice crystals and snow using a size threshold of 100 μm. The size distribution of 400 ice particles is assumed to follow a Marshall-Palmer distribution as described in Rotstayn (1997) : 401
where Di is the diameter of ice particles, λi is the slope factor, and the distribution Pi(Di) is normalized to 1. The slope factor 403 can be written as follows: 404
where ρi is the density of ice, Ni is the number concentration of ice crystals, ρa is air density, and qi is IWC. The ratios of 406 cloud ice crystals with size less than 100 μm with respect to total ice crystals can be obtained analytically by integrating the 407 probability density function as follows: However, this treatment contains some problems. The first is that a part of cloud ice larger than 100 μm is eliminated 423 from the atmosphere repeatedly when a short time step is used, because the shape of the size distribution and the ratio of ice 424 portions larger than and smaller than 100 μm is insensitive to IWC change. This causes strong time-step dependency of 425 IWC: IWC monotonically decreases with shorter time steps from 3600 s to 300 s as seen in Fig. 10 . The second problem is 426 that the sedimentation velocity calculated from Eq. (1) is too large for ice with size smaller than 100 μm. This is because the 427 sedimentation velocity is supposed to represent a weighted value for the whole ice content that includes all sizes of ice, and 428 sedimentation velocity varies widely with particle size. 429
New scheme and improvements 430
Considering the wide range of sedimentation velocity, the velocities of falling cloud ice representing both small and 431 large particles are derived separately (originally reported in a preliminary report, Kawai 
440 Figure 14 shows the velocities vi and vs. The velocity of cloud ice smaller than 100 μm is much smaller than the 441 conventionally used velocity of ice of Rotstayn (1997) . Therefore, it is inappropriate to represent the velocity of ice with size 442 smaller than 100 μm using the velocity of Eq. (1), and Eq. (3) is more appropriate for calculating the velocity. The figure  443 also shows that cloud ice larger than 100 μm has a velocity of about 1 m s −1 . Therefore, the sedimentation cannot be 444 calculated appropriately with the time step used in climate models, and the treatment of instant fall of snow (large ice) 445 through to the surface is unavoidable. 446
In MRI-CGCM3, it was assumed that the ratio of snow calculated from the Marshall−Palmer distribution can be 447 applied anytime and anywhere without taking account of the history of the cloud processes. In this case, conversion of ice 448 crystal into snow is not proportional to model time step and it causes the strong time-step dependency of IWC. If a 449 conversion rate of ice crystals into snow is available, we can avoid this time-step dependency. To obtain the rate, we assume 450 that the ratio given by MH97 may be regarded as a ratio between ice crystals and accumulated snow from the layers above, 451 which is converted from ice crystals at a certain rate. In this concept, the ratio of snow should increase as the depth from the 452 cloud top increases. In the derivation of the rate CI2S (kg kg ). Small size ice crystals should 472 remain in the air for longer. On the other hand, some models diagnose the removal of snow portion from the total IWC 473 assuming a fixed size distribution without taking the history of the cloud processes into account (e.g., ECMWF 2002). 474
However, this causes time-step dependency, as discussed above. Note also that size distribution must change depending on 475 the distance from the cloud top, although such dependence is not taken into account explicitly in most studies or treatments 476 in climate models. We have clarified such problems and proposed a practical solution for them in the present paper. 477 478 479
Summary 480
In the development of the climate model MRI-ESM2 that is planned for use in CMIP6 and CFMIP-3 simulations, the 481 representations of clouds are significantly improved from the previous version MRI-CGCM3 used in CMIP5 and CFMIP-2 482 simulations. The score of the spatial pattern of radiative fluxes at the top of the atmosphere for MRI-ESM2 is better than any 483 of the 48 CMIP5 models. In this paper, we presented comprehensively various modifications related to clouds, which 484 contribute to the improved cloud representation, and their main impacts. The modifications cover various schemes and 485 processes including the cloud scheme, turbulence scheme, cloud microphysics processes, the interaction between cloud and 486 convection schemes, resolution issues, cloud radiation processes, the aerosol properties, and numerics. Note that the 487 improvement of performance in climate models due to an update is ordinarily contributed by the cumulative effect of many 488 minor modifications rather than by the introduction of a new advanced scheme. In addition, the new stratocumulus 489 parameterization and improved cloud ice fall scheme are described in detail, because they include scientifically new concepts 490 and technically important issues. As a result, this paper will be useful for model developers and users of our CMIP6 outputs, 491 especially those related to clouds. 492
The most remarkable improvement addressed the serious lack of upward shortwave radiative flux over the Southern 493
Ocean in the old version. This improvement was obtained mainly by (i) an increase in low cloud cover due to the 494 implementation of the new stratocumulus scheme, a new treatment of the suppression of shallow convection under 495 stratocumulus conditions, and increased horizontal resolution for the radiation calculation, (ii) an increase in the ratio of 496 super-cooled liquid water due to the modified treatment of the WBF effect, and (iii) an increase in cloud droplet number 497 concentration by taking the effect of small size sea-salt aerosols into account. Items (ii) and (iii) contribute to an increase in 498 the optical thickness of clouds. The excessive reflection of solar radiation over the tropics in MRI-CGCM3 was substantially 499 reduced by the introduction of a new cloud overlap scheme, PICA. Increased vertical resolution from L48 to L80 and a 500 treatment of the suppression of shallow convection under stratocumulus conditions contribute to improve the vertical 501 structure of the transition from subtropical stratocumulus to cumulus. In addition, improved treatments of cloud ice 502
Geosci sedimentation and conversion of cloud ice to snow, which are based on more accurate physics than the old ones, alleviated 503 the strong time-step dependency of IWC. 504
However, the modifications in MRI-ESM2 are still relatively simple and ad hoc in some cases. Therefore, we should 505 continue to develop various schemes and processes related to clouds, especially cloud microphysics and the treatment of 506 cloud inhomogeneity within a model grid box, by introducing more sophisticated concepts. 507
On a final note, we acknowledge the many evaluation and intercomparison studies related to clouds for CMIP multi-508 models, which have given us useful information for model development (e.g., Jiang et al. 
Code and Data availability 521
Access to the simulation data can be granted upon request. The MRI-ESM2 code is the property of MRI/JMA and not 522 available to the general public. Access to the code can be granted upon request, under a collaborative framework between 523 MRI and related institutes or universities. The code can be provided to the editor and the reviewers for the purpose of the 524 review of the manuscript. 525 526 It is assumed that the ratio between cloud ice crystals and snow is not the same throughout a cloud, but depends on the 533 depth from the cloud top. It is presumed that the ratio of small cloud ice crystals is large near the cloud top and the ratio of 534 snow (large cloud ice) increases downward in the cloud, because upper cloud ice crystals are continuously converted to snow 535 and the density of snow, which falls with velocity much faster than cloud ice crystals, is accumulated downward. Therefore, 536 the ratios should be a function of the distance from the cloud top, and the ratios αi in MH97 should be regarded as the ratio at 537 a certain distance from the cloud top. 538
To derive the conversion rate in this study, cloud ice content qi (kg kg −1 ) was assumed to be vertically homogeneous in 539 the cloud. The snow density (kg m −3 ) that is produced by a unit volume of cloud ice crystals existing at upper altitude is CI2S 540 ρa vs
, using a conversion rate of cloud ice to snow CI2S (kg kg −1 s −1 ). Consequently, the snow density at height z can be 541 written as follows, using the cloud top height zctop. 542
where a constant value is used for ρa regardless of the height for simplicity. Then snow content per unit air mass is CI2S Hc 544 vs −1 (kg kg −1 ) using Hc ≡ zctop − z. On the other hand, the ratio of cloud ice crystals to snow can be written as follows using the 545 observational function αi by MH97: 546 
Experiments Section
Control (time step = 3600 s, 1800 s [default], 900 s, and 300 s)
with an old version of stratocumulus scheme 3.1
with an old treatment of the WBF effect 3.2 shallow convection can be active even under stratocumulus conditions 3.3 shallow convection can be active even under stratocumulus conditions using L48 3.4
with an old version of cloud overlap scheme 3.5 radiation calculation for every two latitudinal grids 3.6
1-hourly longwave radiation calculation 3.6 using original (not doubled) number concentration of sea salt CCN 3.8
with an old version of ice fall scheme (time step = 3600 s, 1800 s, 900 s, and 300 s) 3.9 866 
867
The second column shows the section in which each modification is discussed. 
